. (2013). BrachyView, A novel inbody imaging system for HDR prostate brachytherapy: Design and Monte Carlo feasibility study. Medical Physics, 40 (7), 071715-1-071715-10.
Purpose: High dose rate (HDR) brachytherapy is a form of radiation therapy for treating prostate cancer whereby a high activity radiation source is moved between predefined positions inside applicators inserted within the treatment volume. Accurate positioning of the source is essential in delivering the desired dose to the target area while avoiding radiation injury to surrounding tissue. In this paper, HDR BrachyView, a novel in-body dosimetric imaging system for 25 real time monitoring and verification of the radioactive seed position in high dose rate (HDR) prostate brachytherapy treatment is introduced. The current prototype consists of a 15 × 60 mm 2 silicon pixel detector with a multi-pinhole tungsten collimator placed 6.5 mm above the detector.
Seven identical pinholes allow full imaging coverage of the entire treatment volume. The combined pinhole and pixel sensor arrangement is geometrically designed to be able to resolve the three-30 dimensional location of the source. The probe may be rotated to keep the whole prostate within the transverse plane. The purpose of this paper is to demonstrate the efficacy of the design through computer simulation, and to estimate the accuracy in resolving the source position (in detector plane and in 3D space) as part of the feasibility study for the BrachyView project.
Method: Monte Carlo simulations were performed using the GEANT4 radiation transport Secondly, a pair of adjacent pinholes were simulated to evaluate the error in calculated source location.
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Results: Simulation results show that accurate determination of the true source position is easily obtainable within the typical one second source dwell time. The maximum error in the estimated projection position was found to be 0.95 mm in the imaging (detector) plane, resulting in a maximum source positioning estimation error of 1.48 mm.
Conclusion: HDR BrachyView is a feasible design for real-time source tracking in HDR prostate 45 brachytherapy. It is capable of resolving the source position within a sub-second dwell time. In combination with anatomical information obtained from TRUS imaging, HDR BrachyView adds a significant quality assurance capability to HDR brachytherapy treatment systems. spaced at intervals of 6.5 mm along a straight line parallel to the Y axis of the probe. This is illustrated in Figure 2 .
B. Pixelated Silicon Detector
Two main requirements determine the selection of a pixelated solid-state imaging device:
high readout speed and high spatial resolution. brachytherapy requires a detector system with a sufficiently fast readout time. High detector image resolution is also critical, since as the source-to-probe distance is increased in the Z direction, its projection is "minified" such that the physical movement of the source is scaled to a smaller change in the position of the projection. Therefore, a high-resolution device is needed in order to achieve sufficient accuracy when the source is located near the extremities (with a thickness of 500 µm). The Timepix/Fitpix system allows a frame rate rate of up to 400 images per second to be obtained with very low electronic noise 17, 18 . 
C. Pinhole Geometry
The effective diameter of a pinhole in a material with a finite linear attenuation coefficient is defined as the diameter of an ideal pinhole (i.e. a pinhole cut from a material 175 with infinite linear attenuation coefficient) which transmits the same proportion of incident photons as the given pinhole geometry fabricated from the actual collimator material 19 . The geometry chosen for the pinhole in the HDR BrachyView system is a symmetric double cone, connected by a cylindrical channel. This geometry has a smaller effective pinhole diameter compared to a single cone pinhole, which minimises photon scattering and penetration close 180 to the aperture 19, 20 . This results in a higher ratio of direct to penetrated photons (henceforth referred to as signal to background ratio or SBR) compared with a single-cone pinhole structure, leading to a superior system spatial resolution 21 .
To maximise the field of view, the detector should be placed as close as practically possible to the pinhole collimator. However, this proximity is limited by the physical dimensions of 185 the detector (a width of 15 mm and thickness of 0.5 mm) and the inner dimensions of the probe cavity. The detector can be placed no more than 1.5 mm above the centre of the probe cavity, the outer diameter of the probe cannot exceed 24 mm (same as the outer diameter of the TRUS probe it is replacing) and the collimator thickness is 4 mm; this results in an opening angle for the cones (α) of 82
• (as illustrated in Figure 3 with a diameter of 0.50 mm and length of 0.57 mm is added to simplify manufacturing of the collimator structure. A median filter is used to reduce the speckle noise in the image. Pixels with a count rate below a certain threshold are filtered out (a threshold value of 80% was chosen to analyse projection images presented in this paper) prior to calculating the location of the centres of mass.
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The projections will be approximately collinear and lie on a line which is parallel to the row of pinholes. Ideally, there will be one projection for each of the N p pinholes, where N p is the total number of pinholes (i.e. 7 in this instance); however when the source is very close to the collimator, this will not be the case. If the N p projections are visible, there is no ambiguity in the three-dimensional position of the source, and its position will be the Figure 4 .
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This ambiguity can be resolved since the intensity of the projected images will not be the same; due to the inverse square law, the brightest projections will be those at the minimum distance from the source. Therefore, either the brightest projection may be associated with its nearest pinhole, or the centre of mass of the overall image field can be used to determine through. This will uniquely identify the location of the source.
III. MONTE-CARLO SIMULATIONS
Models of a single pinhole and double pinhole tungsten collimator and HDR 192 Ir source were developed in a dedicated GEANT4 simulation application. A micro-Selectron HDR
192 Ir source (shown in Figure 5 (a)) was modelled in the simulation 22 . The core consists 230 of a pure Iridium metal cylinder with 192 Ir uniformly distributed along its length with a surrounding steel shell which is connected to a 2 mm long steel cable. The collimator was modelled as a cylindrical tungsten tube with a wall thickness of 4 mm and is shown in Figure 5 (b). In practice, only the top half of the tube needs to be fabricated from tungsten, which also allows the lower cones to be more easily machined. The pixellated silicon detector 235 is placed 1.5 mm above the centre of the tungsten collimator. To simplify the geometric description of the pinhole in GEANT4, the area immediately surrounding the pinhole was approximated as a trapezoidal prism (Figure5(b) ).
Ten billion photon events were generated for each simulation (an added 10 billion photon events had to be generated for the source placed at maximum distance from the collimator).
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The photon energy distribution was generated according to the spectrum of 192 Ir 22 . It is assumed that all beta radiation is absorbed by the steel shell and the surrounding phan- The effect of source position on projection image contrast and count rate was studied by simulating a single pinhole collimator and a 15 × 15 mm 2 pixellated detector (equivalent to a single Timepix device) with the source positioned in different locations. The simulation configuration is illustrated in Figure 6 , where the source is placed above the collimator; h is 260 the distance between the source and the pinhole centre and θ is the incidence angle measured pinholes using the same geometry as described in Section III A with a separation of 6.5 mm (centre to centre) was simulated. The configuration is shown in Figure 7 
IV. RESULTS
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The projected images of the source placed in the positions described in Section III A through the single pinhole are shown in Figure 8 The calculated error in resolving the centre of the reconstructed source placed at different positions within the prostate volume is listed in Table III .
V. DISCUSSION
The projections observed in the single pinhole simulation (shown in Figure 8 ) demon-
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strates that the SBR deteriorates at the edge of the FoV, with a minimum peak value of 17 counts detected for the projected image of the source for 20 billion simulated photons. How- a sub-second dwell time. Therefore, the system is suitable for real-time source tracking.
The uncertainty values listed in Table II The sensitivity of a pinhole collimator S t is defined as the fraction of photons emitted from a point source that reach the camera detector, and is the sum of the "direct" (S d ) and "penetrative" (S p ) sensitivities:
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where θ is the incidence angle of photons on the pinhole plane. For an aperture with a pinhole diameter of d, the direct sensitivity calculated for a point source placed at a distance h from the pinhole plane is given by 23 :
The penetrative term can be analytically determined by calculating the path length of 
The theoretical relative sensitivity of the HDR BrachyView pinhole is plotted for a point source placed at different heights above the collimator (normalised for h = 7 mm and θ
= 90
• ) and is shown in Figure 10 . When the source is placed 7 mm above the pinhole, θ brachytherapy source is illustrated in Figure 11 . As the source is moved along the Y axis is at the edge of the field of view). While the error is significant, it is worth noting that it was only calculated based on two projections, where as in reality, there will be seven projections for source placed at that distance. This will ultimately result in a more accurate estimation of the centre of mass of the source. Furthermore, the error clearly includes a component which is clearly a function of source position; this is due to the fact that the centre of mass currently being performed in a phantom to validate the simulation results; these will be the subject of a separate paper. In future work, the effect of backscatter associated with the introduction of the HDR Brachytherapy rectal in-body imaging probe on the total dose received by the rectal wall will be evaluated both in simulation and experimentally.
